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I. INTRODUCTION
The aim of the kinematic calibration is to calculate accurately the values of the kinematic parameters of the robot in order to improve its accuracy.
The classical methods for parallel robot calibration need external sensors to measure the position and orientation of the mobile platform [1] - [4] . The calibration problem is formulated in terms of a measurement residual that is the difference between the measured and computed motorized joint variables, it uses the inverse kinematic model that is easy to calculate for parallel robots.
Self calibration methods using extra sensors on the passive joints have been also proposed for parallel robots.
1) The method presented by Wampler et al. [5] for Stewart-Gough robot is based on using position sensors on the 5 passive joints of one leg. 2) In the method of Zhuang and Liu [6] , a limited number of passive Universal joints are needed to be measured. 3) Nahvi et al. [7] presented an autonomous calibration method for a shoulder-joint robot with three degrees of freedom (d.o.f.) but particular geometry with double joints on each platform point must be verified. 4) Zhuang [8] has presented new methods based on the use of extra sensors on some passive Universal joints. The calibration methods based on redundant sensors on the passive joints adjust the values of the kinematic parameters in order to minimize a residual between the measured and the calculated values of the angles of these joints. In order to get appropriate accuracy for the identified parameters, big accuracy is needed on these sensors. Putting sensors on an already manufactured robot is not a trivial problem, it must be foreseen while designing the robot.
It is to be noted that redundant sensors on the U-joints have been proposed also to get an analytical solution of the direct kinematic model [9] - [11] . But in this case moderate accuracy is sufficient.
The calibration method presented in this paper uses only the variables of the motorized prismatic joints corresponding to configurations where either one Universal joint or one Spherical joint is Manuscript received December 15, 1998 . This paper was recommended for publication by Associate Editor H. Zhuang and Editor A. De Luca upon evaluation of the reviewers' comments. fixed by mechanical lock, which fixes the corresponding leg either with the fixed base or with the movable platform.
The paper is organized as follows, in Section II we give the description and the modeling of the class of parallel robots which are considered, then the new calibration method will be presented in Section III, simulation results will be given in Section IV.
II. DESCRIPTION AND MODELING OF THE ROBOT
The parallel robot studied here is composed of a fixed base and a movable platform connected with six legs of motorized variable length (Fig. 1) . The kinematic description of each leg is illustrated in Fig. 2 
A. Geometric Parameters
We define the frame F 0 fixed with respect to the base and the frame Fm fixed with respect to the movable platform. They are defined as follows [6] . where j PPi denotes the coordinates of the point Pi with respect to coordinate system F j and j P Pi = j P Pix j P Piy j P Piz
T :
Thus the robot is described by 24 constant coordinates that may be not equal to zero. The 12 coordinates that must be equal to zero define the base and platform frames. The aim of the calibration method is to calculate the exact values of the 24 coordinates of points Ai and Bi which are in general not equal to zero and the six offsets of the motorized prismatic joints.
We suppose that the U-joints are composed of two rotational and intersecting joints, while the S-joints are composed of three intersecting rotational joints, we do not need to know the direction of these axes.
It is to be noted that in classical calibration method is the position of the origin of Fm with respect to F0.
B. Kinematic Modeling
The inverse kinematic model (IKM) which calculates the leg lengths vector for a given 0 T m is unique and easy to obtain [12] .
While, the direct kinematic model (DKM), which calculates the matrix 0 Tm as a function of a desired leg lengths vector, is difficult to obtain analytically and up to 40 solutions may exist [13] . A numerical iterative method based on the inverse Jacobian matrix is used to find a local solution for the DKM. Such procedure converges quickly and can be summarized as follows. Where X c is the current vector of position and orientation defining F m into F 0 ; q d is the given vector of the leg lengths, J inv is the inverse Jacobian matrix; its rows are easy to obtain analytically [12] , J + inv is the pseudo-inverse of J inv , and " is the desired accuracy.
C. Calculation of the U-Joint Angles
In order to calculate the passive angles of the U-joints as function of the motorized variables q, Zhuang and Liu [6] used the cyclic descent method (CCD) given in [14] and [15] . This general method permits to calculate the DKM and all the angles of the passive joints of the robot, but it is computationally expensive. Furthermore since we need to calculate the U-joint angles of just one leg we propose the following procedure. 1) Calculate the location 0 T m of the platform using the DKM method presented in Section II-B. 2) Calculate the position of point Bi, corresponding to the leg whose U-joint angles should be calculated, in coordinate system F0, as follows: 
0 P Biz = 0 P Aiz + q i cos( 1i ) cos( 2i ):
Two solutions of ( 1i ; 2i ) are obtained from the foregoing expressions as follows: We select the solution of 2i that is limited to ]0=2; =2[.
D. Calculation of the S-Joint Angles
In order to calculate the angles of the spherical joint of a given leg, we propose the following procedure which is based also on the inverse kinematic model of the serial structure of one leg (Fig. 2) .
The orientation due to the S-joint is given as follows: 
0 A m can be calculated using the DKM given in Section II-B, and 0 Ai can be calculated using (10) in which 1i and 2i are calculated as described in Section II-C. The following two solutions for (4i; 5i; 6i) are obtained from (8) sin ( 
where i Am(i; j) is the (i; j) element of the matrix i Am, we suppose that cos( 5i ) 6 = 0 because the legs will be never in the plane x m y m of the platform. We select the solution of 5i which is limited to ]0=2; =2[.
III. THE CALIBRATION METHOD
In this method, the direction of a leg is fixed by means of a mechanical lock (Fig. 3) , either with respect to the fixed base (this means to fix the U-joint of this leg) or with respect to the movable platform (this means to fix the S-joint of this leg). The robot is then moved to sufficient number of configurations. The values of the prismatic joints are used to calibrate the geometric parameters. In the following we will detail each of these cases.
A. Fixing the U-Joint of a Leg
In this case, the platform has four degrees of freedom with respect to the base, it can rotate around the center of the spherical joint which can translate along the leg direction. The platform can thus be placed into sufficient number of configurations using arbitrarily values for four prismatic joints, the other two prismatic joints will be left free (no power will be applied on their motors). The corresponding passive angles of the U-joint can be calculated using the method presented in Section II-C as a function of nominal parameters and the six prismatic joint positions This nonlinear optimization problem can be solved by the leastsq function of Matlab which is based on the Least Square Levenberg-Marquardt method.
B. Fixing the S-joint of a Leg
When the S-joint of leg i is locked, the platform has three degrees of freedom. The robot can be controlled by only three prismatic joints, the other three joints will be left free. The robot platform will then be moved to get different r configurations using arbitrarily values for the three motorized joints. The corresponding passive angles of the fixed S-joint can be calculated using the method presented in Section I-D as function of the nominal parameters and the six prismatic joint positions
where
Since the leg direction is fixed with respect to the movable platform, then the S-joint angles must have the same values for all the configurations 
For r configurations C si has 3r 1 (r 0 1)=2 elements.
Once more the leastsq function of Matlab can be used to get r .
C. Mixing the Data of Locking Different Joints
We can constitute the constraint vector C using different sets of configurations, where in each set either an U-joint or a S-joint has been fixed.
It has been seen that the mixing of at least two sets is necessary to identify all the parameters because those belonging to the fixed leg are not sufficiently excited.
IV. SIMULATION RESULTS
We simulate the presented calibration method on the parallel robot whose real and nominal parameters are given in Tables I and II. The errors on the parameters are randomly distributed (between 0 and 5 cm) which is much greater than the practical conditions. These errors lead to about 25 centimeters as maximum error on the position of the platform, and 0, 8 radians on the orientation. 
A. Calibration Using Data Without Noise
If there is no noise on the measurements, the use of two sets of about 15 configurations for each, where in each set either a U-joint or S-joint is locked, will lead to identify the real values of the kinematic parameters (with a precision of 10 07 meters) in about 8 min on a Pentium 200 MHz computer.
We consider that all the configurations used in the calibration are in a region where the DKM has a unique solution. If during the calibration process we note that some configurations give very big errors with respect to the others, such configurations may correspond to another solution of the DKM, and they must be cancelled.
B. Calibration Using Data With Noise
To simulate real conditions of calibration we add a uniform distribution noise with an amplitude of 10 05 meters on the prismatic joint lengths (precision of 2 2 10 05 m on the encodors), which is much bigger than the errors on commercial translational rules.
A Gaussian noise with 10 05 radians of standard deviation is also added on the calibrated locked joint to represent errors on the locking system. We have simulated the calibration algorithm by combining three or four sets of configurations, in each set either an U-joint or S-joint is fixed, and the total number of configurations is either 40 or 80. Each type of combination is tested 10 times with different configurations and different values of the locked joints.
Figs. 4-6 give the calibration results for all the possible combinations when the number of sets is three or four. The maximum errors (infinity norms) on the kinematic parameters are given in Fig. 4 and on the accuracy of the robot are given in Figs. 5 for the position and Fig. 6 for the orientation. It is to be noted that the errors on the accuracy of the robot have been calculated using configurations that have not been used in the identification. The optimization time is about 10 min on Pentium 200 MHz computer when the total number of configurations is 40 and 20 min when there are 80 configurations.
From these figures the following conclusions are obtained. When we combine the U-joint sets and S-joint sets the error is nearly divided by 10 comparatively with the calibration using only U-joint or S-joint sets.
Increasing the number of sets will decrease also the errors, but in a limited way.
When we combine the U-joint sets and S-joint sets, increasing the number of configurations from 40 to 80 will improve slightly the calibration results.
The practical compromise seems to use two sets of U-joint and one set of S-joint, each set contains about 20 configurations.
V. CONCLUSION
This paper presents a fully autonomous calibration method for six d.o.f parallel robots. Only the position sensors of the motorized prismatic joints are needed. The idea is to fix a leg direction either with the robot base or with the mobile platform in order to maintain the values of the U-joint angles or the S-joint angles as constant. The optimization program adjusts the kinematic parameters in order to minimize the difference between the calculated values of these fixed joints with respect to all the configurations. Simulation showed that this method can identify big errors in the kinematic parameters (about 10% of error on the nominal values). It has been shown by simulation that the best calibration results are obtained when we combine the configurations of two sets of U-joint and one set of S-joint. Two conditions must be verified on the robot in order to apply the given method. The first is that the motorized joints must have the possibility to move as passive joints (without power) and the secondly is the possibility to put a mechanical lock on the robot.
